18 This paper presented an integrated conceptual model to describe the substrate 19 clogging in constructed treatment wetland. The model is based on pore space 20 reduction of the wetland substrate during the integrated treatment processes including 21 physical, biological and plant-related processes. A group of laboratory scale 22 constructed wetlands (CWs) was employed to set up the experimental trial, from 23 which the model was developed. Comparative results obtained from the experiments 24 and the literature indicated that the model predictions of the wetland clogging time are 25 reasonably agreed each other. Additionally, this model seems reasonable to 26 quantitatively simulate the contribution of the accumulated inert suspended solids, 27 microbial biomass and plant roots clog material to the pore space reduction with 28 wetland operation time. Accordingly, it is reasonable to believe that the model can be 29 used for estimating clogging time of CWs in different operation conditions. 30 2 31
Introduction 35
Substrate clogging of subsurface-flow constructed wetlands (SFCWs) is a tangible 36 risk to affect the CWs function for wastewater treatment and has been well recognized 37 as the most serious problem in practice. Clogging is mainly influenced by loading 38 rates of BOD, COD, suspended solids (SS) (Winter and Goetz, 2003) . In the operation, 39 SS and particulate organic matters are removed rapidly by means of physical 40 processes such as sedimentation, entrapment and adsorption. Subsequently, the 41 trapped SS and particulate organic matters are hydrolyzed by anaerobic processes and 42 then oxidized by means of aerobic respiration (Kadlec, 2000; Garcí a et al., 2004) . 43 Dissolved organic matters can be adsorbed to granular media, plant roots and detritus 44 and oxidized by resident microbial populations (Burgoon et al., 1995) . However, 45 during the same time of pollutants' removal, these chemical, physical and biological 46 processes contribute the pore blockage and cause detrimental changes in the 47 hydrodynamic behavior of the system, such as short-circuiting, reduction of hydraulic 48 retention time, surface ponding of wastewater, odors, presence of insects, and 49 considerable reductions in treatment efficiency (Platzer and Mauch, 1997) . Under 50 worst-case scenarios, the life span of the wetland treatment system may be 51 significantly reduced. 52 Although pore blockage is a common and pervasive problem in horizontal-and 53 vertical-flow treatment wetlands, very few quantitative studies have been carried out 54 to predict the rate at which clogging would. From the current knowledge, a simple 55 theoretical clogging model was presented to calculate the clogging time based on a 56 sand-media CWs (Platzer and Mauch, 1997) . Langergraber et al., (2003) and Zhao et 57 al., (2004) reported, respectively, a conceptual approach to estimate the clogging time 58 by considering available void space of the substrate. Similarly, in our previous study, 59 a conceptual model has been developed by using the parameter of influent SS 60 concentration to estimate the clogging time (Hua et al., 2010) . However, all these 61 studies are only indicative because the models did not take into account of biofilm 62 growth and the influence of vegetation and its contribution to the increase of 63 recalcitrant detritus. 64 On the other hand, Rousseau (2005) developed a mechanistic model that estimates 65 reductions in pore volume in CWs as a function of time. The model seems to be able 66 to predict porosity change and might therefore be a useful tool to study clogging 67 phenomena. But the model contains 26 state variables and thus 26 mass balances that 68 make up the model contain in total 118 parameters, rendering the model extremely 69 hard to calibrate and leaving not much hope to find a unique, identifiable parameter 70 set. As such, a complex model is typically over parameterized, making it impractical 71 to use. 72 It is desired that the clogging time estimation should consider the detached biofilm 73 and plant residual in the CWs. Meanwhile, it is better to estimate the clogging time 74 based on some simple parameters that are easily available. Ideally, parameters being 75 used to quantify clogging should combine the characteristics of wastewater (e.g. SS 76 and COD concentration etc.), wetland's media and plant. To date, no such approach 77 for wetland clogging time estimation has been widely accepted. 78 In this study, a conceptual model to evaluate clogging time in SFCWs has been 79 developed. The model incorporates physical processes (such as physical filtration), 80 biological processes and plant-related processes to measure the pore space reduction. 81 Data obtained from the experimental wetlands were used to calibrate the model. 82 Thereafter, the clogging times under different operational circumstances are predicted 83 by adopting the model. It is well recognized that the treatment processes in CWs include physicochemical, 87 biological and plant-related processes. It is assumed, as considered in Wynn and Liehr 88 (2001) model, that SS is mainly removed near the inlet (at less than 1/3 of the total 89 length) under normal operating conditions. Only at higher flow rates, wash-out of 90 solids proportional to the flow rate has been foreseen. One important consideration of 91 this study is that SS removal is over 90%, this is based on the fact that effluent SS 92 levels of the studied treatment wetland were very low for the coarse sand substrate. 93 Although detachment of biofilm is a commonly acknowledged process, it is assumed 94 that sloughed parts of the biofilm are retained within the pores and are still 95 metabolizing, unless they are washed out by a peak flow. 96 In considering the biological process in CWs, aerobic and anoxic microbial carbon 97 conversion processes are mainly based on the Activated Sludge Model (ASM1) 98 (Henze et al., 2000) . However, several improvements of the original model have been 99 taken into account in order to be appropriate for CWs. For example, the values of the 100 heterotrophic biomass yield coefficient (Y H ) and the heterotrophic biomass delay 101 coefficient (K d ) are measured in this study to cope with the vegetation in the testing 102 wetlands. 103 Following the example of considering the plant growth in Wynn and Liehr (2001) , the 104 plant growth and decay model is deliberately kept simple, despite the many 105 influencing factors that have been reported in literature, such as nutrient availability, 106 air temperature, irradiation, water level etc. Clogging is then evaluated in the 107 proposed model in this study by means of pore volume reduction. In the model, pore 108 volume reduction depends on: (1) the growth of bacteria, (2) solids retained and ( (1 ) can be expressed as: can occupy the pore space of the wetland substrate. It can be described as:
Where f p is the fraction of microbial biomass converted to inert matter. 139 The total solids (M TS ) that are possible to accumulate in the pores can be expressed as: 
. Therefore, the M SS,2 based on M SS,1 can be described 156 as: 
Regarding the consideration of wetland plants on the effect of clogging, it is 162 recognized that the living plant biomass (M plantL ) increases during the growth season 163 when adequate amounts of nitrate and/or ammonium are available in the wastewater. 164 At the onset of senescence, living biomass is converted into dead biomass following a 165 first-order rate (Wynn and Liehr; 2001) . Thus, the plant growth can be expressed as:
Where, b p is the decay coefficient for living plant material, L and W is the length and 168 width of the wetland, respectively. f NH and f NO are the plant growth coefficient on 169 ammonium and nitrate, respectively, which can be expressed as: Wastewater was prepared by adding the starch as the source of suspended particulate 227 solids and adding other organic matters to tap water. In addition, (NH 4 ) 2 SO 4 , 228 CO(NH 2 ) 2 and K 2 HPO 4 were added as major nutrients to the artificial wastewater. The pore volumes of the wetland beds were measured by emptying the water The model proposed in this study quantitatively analyzes the contributions of three 332 parts, i.e. inert matter, microbial biomass and plant roots, to the pore space reduction. 333 It can be summarized that the predicted data indicate that, for the investigated systems, 334 biomass growth plays a minor role compared to the inert solid matter for the tested 335 wetlands clogging. Although the influence of the organic load is an important factor 336 leading to massive growth of bacteria in the form of biofilm, especially from long 337 term point of view (Kim et al., 2010 ) , the obvious accumulations of SS in the top of 338 the wetland substrate seems to agree well with the view of Langergraber et al., (2003) 339 and Zhao et al., (2009) . It is such the SS that plays leading role in wetland clogging. 340 It is noted that the wetland plant does not show obvious influence on the pore space 341 reduction in this study. In fact, plant plays an important and complicated role in 342 microorganisms settling, which could promote the growth of biofilm and accordingly 343 have some influence upon clogging process (Molle et al., 2006) . From the literature it 344 seems that plant can benefit the treatment wetland by making the substrate more (5), 25-34. 417 Mander, Ü., Lǒhmus, K., Teiter, S., Mauring, T., Nurk, K., Augustin, J., 2008. 418 Gaseous fluxes in the nitrogen and carbon budgets of subsurface flow 419 constructed wetlands. Sci Total Environ. 404, [343] [344] [345] [346] [347] [348] [349] [350] [351] [352] [353] Molle, P., Lié nard, A., Grasmick, A., Iwema, A., 2006 Table 1 The operational profile of the six beds Microbial parameters: 
